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Conclusions 

The present 1 *C CPMAS investigation provides an important 
complement t the surface chemical results 1 in delineating ad- 
sorbate-alumina interactions for a highly active heterogeneous 
rganoactinide catalyst. While the chemical results provide ev- 
idence for structures such as E-H, the surface NMR studies 
strengthen this formulati n and, moreover, indicate that transfer 
of methyl groups from the actinide to surface aluminum sites has 
also occurred. To our knowledge, the latter result represents the 
first direct observation of this type of process for a supported 
catalyst. It is likely that such chemistry is not restricted to 
organoactinides and that similar processes not only occur but are 
important in numerous other catalytic systems comprised of 
relatively polar metal alkyls and high surface area metal oxides. 43 ' 44 



(43) (a) Yermakov, Yu. I. J. Mol CataJ. 1983, 21. 35-55 and references 
therein, (b) Basset. J. M.; Chaplin, A. J. Mol Catal 1983, 21, 95-108 and 
references therein, (c) Iwamoto, M.; Kuaano, H.; Kagawa, S. Inorg. Chem. 
1983, 22, 3365-3366 and references therein, (d) Yermakev, Yu. I.; Kuz- 
netsov, B. N.; Zakharov, V. A. "Catalysis by Supported Complexes"; Elsevier: 
Amsterdam, 1981. (c) Bailey, D. C; Langer, S. H. Chem. Rev, 1981, 81, 
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Copper(II) Complexes of Tyrosine-Containing Dipeptides. 
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Abstract With a view to obtaining information of the structures and stabilities of the Cu(II) complexes of tyrosine (Tyr)-containing 
dipeptides, spectroscopic and potentiometric studies have been carried out with the peptides to L-Tyr«X t where X refers to 
= LVD-alahine, -arginine, ;>Tyr, -tryptophan (Trp), -histidine (His), L-phenylalanine (Phe) ; , L-/r>glutamic add./.The OTmplex 
-species and their stability constants have. been determined by potentiometric titrations , at *25 i ;?C/and7 ; =, : 0. l.XKNQ 3 ) A Alj^^ 
,tte peptides react with Cu(I^ (t-tyr^ly), to 




in the range 2.04-3170 log units. : f he absorption spectra of the 1: 1 systems ( ;~2 mM) exhibit a drd.peak at '61f>^30 ,hm^ 
(t 90-150) at pH >6 and in the presence of the dimeric complex ah additional peak at ~ 380 nm (^26Ch720)^wlKKe assignment: 
to the charge transfer between Cu(II) and the.phenolate group has been confirmed by. the resonance Raman spectra of the 
isolated complexes, [Cu(L-Tyi^ly)]4>.5H20 and Na 2 [Cu 2 (L-Tyr<51y) 2 l-7.5H20. While the drcular dichroism (CD) spectral; 
magnitudes in the d-d region for the Cu(II>-dipeptide complexes with a C-terminal aliphatic amino acid are an additive function 
of those exhibited by the component amino acid complexes irrespective of the ^stereoisomerism .of the peptides, remarkable 
CD magnitude anomaly was observed for the active (l-l) peptides with s C-termina! aromatic an&ic acid, l Tyr-L X (X * 
Tyr, Trp, and Phe). The anomaly is diastereospecific and strictly coincident with the dimer formation, which is taken to imply 
distortion by the dimeric structure of the C-terminal side-chain orientation favoring the Cu(II)-aromatic ring interaction. 



Tyrosine constitutes the N-terminus of endogenous analgesic 
peptides such as enkephalin 1 and endorphin 2 isolated from brain 
and is considered to be essential for their activity. 3 An analgesic 
dipeptide, L-tyrosyl-L-^rginine (kyotorphin), was later isolated from 

(1) (a) Hughes, J. Brain Res. 1975, SB, 295-308. (b) Hughes, J.; Smith, 
T. W.; Kofteriitz, H. W.; Fothergill, L. A.; Morgan, B. A.; Morris. H. R. 
Nature {London) 1973, 238, 577-S79. 

(2) (a) GuiUemin, R.; Ung, N.; Bnrgus, R. C. R. Hebd. Seances Aead. 
5&,Ser.X> 197* 2tt, 783-785. (b)Uiig,N.;Burgus,R.;Otu11einifi,R.IVof. 
Natl Aead. Set. VSA. 1976, 73, 3942-3946. (c) Bradbury, A. F.; Fddberg, 
W. F. ; Smyth, D. G.; Snell, C. R. In "(Mates and Endogeneous Opioid 
Peptides"; Archer, S., Collier, H. O. J., <folditdn, A., Kosterlitx, H. W., 
Simon, E J„ Takagi, H., Terenhu, L., Eds.; EUevier/North Holland Bio- 
chemical Press: Amsterdam, 1976; p 9. (d) U, C. H ; Chung, D. Proc. Natl 
Aead. Set. US A. 1976, 73. 1 145-1 148. 

(3) Morley, J. S. Annu. Rev. Pharmacol Toxicol. 1980, 20, 81-1 10. 



bovine brain by Takagi et al., 4 which again indicates the im* 
portance of the N-termtnal tyrosyi residue. Of the main biological 
transition metals, copper(II) is probably the most effective in 
binding small peptides at physiological pH, 5 and since the copper 
content is high especially in the synaptosomal fraction of brain 
which abounds in enkephalin and kyotorphin, 6 interactions of 
copper(II) with these opioid peptides may have physiological 



(4) (a) Takagi, H.; Shiomi. H.; Ueda, H.; Amano, H. Nature (London) 
1979, 282, 410-412. (b) Takagi, H.; Shiomi, H.; Ueda, H.; Amano, H. Eur. 
J. Pharmacol 1979, 55, 109-1 1 1 . 

(5) Sigel, H.; Martin, R. B. Chem. Rev. 1982, 82, 385-426. 

(6) (a) Ueda, H.; Tauumi, K ; Shiomi, H.; Takagi. H. Brain Res. 1982, 
23 i , 222-224. (b) Simantov, R.; Snowman, A. M.; Snyder, S. H. Brain Res. 
1976, 107, 650-657. 
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signficance in the analgesic activity. 

Gairin et al. found by spectroscopic methods formation of stable 
Cu(II)~enkephalin complexes and proposed the structures in 
solution, where the phenolate oxygen is not involved in coordi- 
nation. 7 On the other hand, Hefford and Pettit disclosed that 
L-tyrosylglycine and L-tyrosyl-L-/r>leucine in the alkaline region 
form a dimeric copper(H) complex exhibiting an absorption band 
centered at 375 nm ascribable to the phenolate-Cu(II) bonding. 8 
Since the N-terminal tyrosine phenol moiety and the neighboring 
side-chain groups of opioid peptides and possibly their copper(II) 
complexes appear to have a crucial effect on the physiological 
activity, we have been interested in the chemical properties of the 
copper(II) complexes of simple tyrosine peptides in solution and 
their possible relevance to the physiological activity of the opioid 
peptides. In this connection, the steric effects of the dimer for- 
mation on the side-chain conformations are particularly intriguing, 
since they may afford information of the conformations in mo- 
nomeric oopper(II) complexes of tyrosine peptides in solution. We 
here report the structures, solution equilibria, and optical properties 
.of the cbpper(II) complexes of tyrosine dipeptides containing 
^chargod^alipKatic ^ or uncharged aromatic side chainsJ(Ghart I) 
with emphasis on the phenolate-copper(II) interactions; 1 re- 
markable circular dichroism (CD), spectral changes associated \ 
with formation of the^^ their structural implication. ,;. 

Experimental Secrion " ! ' 

L-Tyr-L-Glu, Gly-L-Tyr, Gly-L- 
Trp, : L-Tyr-L-Phe, L-Phe<jly, L-Phe-L-Tyr, and Gly-L-Ala were purchased 
from Sigma and Gly*L-Phe from the Protein Research Foundation. L- . 
Tyr<ily and Gly-L-Tyr were purified before use by DEAE cellulose 
column chromatography and recrystallization, respectively. L-Tyr-L-Arg, 
L-Tyr-o^ Arjg, and GlyL-Arg were generous gifts from Daiichi Pharma- 
ceutical Co. The other dipeptides were prepared in our laboratory and 
checked by elemental analysis and thin-layer chromatography (the 
melting point (°C, uncorrected) and specific rotation [a] D (concn) in 
water at 19.3 °C are given in this order): L-Tyr«r>Ala t 200, +1 19.1° (c 
0.5); L-TyM>Olu.2HA 151-154. +90.8° (c0.5); L-Tyr-L-His-HCl. 210, 
+34.0° (c 0.4); L-Tyr*D-His-H 3 0. 186-187, +24.7° (c 0.2); L-Tyr-L- 
Tyr2H,C, 161-163, +28.7° (c0.3); L-Tyrr>Tyr-H 2 0, 171-172, -36.3° 
[c 0.3); L-Tyr-L-Trp-HjO, 175-176, +16.0° (c 0.4 in I M HCI); L- 



(7) Gairin, J.-E.; Mazarguil, H.; Sharrock. P.; Haran, R. Inarg, Chem. 
1982, 2/, 1846-1854. 

(8) Hefford, R. J. W.; Pettit, L. D. J. Chem. Soc., Dahon Trans. 1981, 
1 331-1335. 

(9) Abbreviations of dipeptides are as follows: Tyr-Gly, tyrosylglycine; 
Tyr-AIa, tyrosylalanine; Tyr-Glu, tyrosyiglutamic add; Tyr-Leu, tyrosylleucine; 
GlyTyr, glycyltyrosine; GlyTrp, glycyltryptophan; Tyrone, tyrosylphenyl- 
alanine; PheGly, phenylalanylglycine; PheTyr, phenylatonyltyrosine; Gly-Ala, 
glycytalanme; Tyr-Arg, tyrosylargininc (kyotorphin); GlyArg, glycylargtninr, 
Tyr-Hii, tyros ylhisttdine; TyrTyr, tyrostf tyrosine; TyrTrp, tyrosyltryptophan; 
Ala-Arg, alanylarginine; GlyHis, glycyihistidine. 



Tyr.D-Trp-4.5HA 160-162, +23.8° (r 0.4 in I M HCI); L-Ala-L- 
Arg-HCI, 239-240, +8.4° (r 0.5); GlyL-His-HCI. 187-188, +28.0° (c 
0.3). 

All chemicals used were of reagent grade or highest grade available, 
and distilled and deionized water was used throughout. 

Syntheses of Copper(Il) Complexes. [Cu(L-Tyr*Gly)H>.5H 2 . To a 
solution containing L-Tyr-Gly (0.24 g, 1.0 mmol) and NaOH (0.08 g, 2 
mmol) was added Cu(NO,) r 3H 2 0 (0.24 g, 1.0 mmol) with stirring at 
room temperature. The blue crystals which separated from the solution 
were collected, washed with a small amount of cthanol, and dried in the 
open air. Anal. Calcd for C„H, 2 N 2 0«Cu.b.5H 2 0: C, 42.82; H, 4.24; 
N.9.08. Found: C, 42.83; H. 4.18; N. 9.01. 

NajCujU-TyrflyhHrtiA (a * 7.5, 10.5). An aqueous solution 
containing L-Tyr-Gly (0.24 g, 1.0 mmol). Cu(NO,) 2 -3HA (0.24 g, 1.0 
mmol), and NaOH (0.12 g, 3 mmol) was stirred for 1 h at room tem- 
perature and concentrated in vacuo. The green crystals which separated 
from the solution were collected, washed with ethanol, and recrystallized 
from water containing a small amount of NaOH. Anal. Calcd for 
C n H M N 4 O,CujNa r 10.5HA C, 31.73; H, 5.21; N, 6.73. Found: C, 
31.80; H, 5.08; N, 6.80. When dried in vacuo, the crystals lost water 
molecules to give Na 2 [Cu,(L-Tyr<ily) 2 ]-7.5H 2 0. Anal. Calcd for 
CaHaNAiCujNa^.SHA: C, 33.94; H, 4.79; N, 7.20. Found: C, 
33.93; H, 4.54; N, 7.18. 

[Cu(L-TyrL-H!s)>0^H 2 O. Aqueous solutions of L-Tyr-L-His-HCI- 
0.5H 2 O (0.20 g, 0.55 mmol) and Cu(CI0 4 ) r 6H 2 0 (0.20 g, 0.55 mmol) 
were mixed to make the final volume 1 50 mL. The solution was neu- 
tralized (pH ~7) and. kept at room temperature, when violet crystals 
separated. Anal. Calcd for C^HjsN/^Cu-O.SHjO: C, 46.33; H, 4.41; 
N. 14.41. Found: C, 46.88; H, 4.24; N, 14.78. 

pH Titrations. Carbonate-free 0.1 M KOH was prepared under N 2 
and standardized against standard potassium hydrogen phthalate (Merck 
DIN 19226). Copper(Il) nitrate (0.01 M) was standardized by chcla- 
tometry with metallic zinc (J IS primary standard) as standard. pH 
values were measured with an Orion Research 901 ion meter equipped 
with an Orion 91-01-00 glass electrode and a 91-02-00 double junction 
reference electrode. Calibration of the meter was made with NBS 
standard buffer solutions (4.008, 7.413, and 9.180 at 25 °C). The dif- 
ference between the pH meter reading pH M and -log [H], where [H] 
denotes the hydrogen ion concentration, was determined as reported 
previously to be 0.067 at / = 0.1 (KN0 3 ).'° The apparent ion product 
of. water pK 9 ' = pH M - log [OHJ, where [OH] is the hydroxide ion 
concentration, was 13.96 at / = 0.1. Solutions of ligands only and of 
Cu(II) and a ligand with the molar ratio of 1:1 or 1:2 were titrated at 
25 ± 0.05 °C under N 2 . Reproducibility of the results was checked by 
repeated titrations. * \ : ; 

; Calculation of Equilibrium Constants. The stability constants are 
: expressed as overall constants, for species containing Cu(fl); lig^trid ;~ 
Li and proton H> in the molar ratio of ?, and r, respectively (charges ' ■ 
>are omitted, for simplicity) ; - t w * ,- <..■■-.. ■■ ^ v "-j^fv, 



•■A 



' lCu] p [L]«[H)' 



(2) 



where a negative value of r refers to deprotonation from the complex. 
The log values were calculated by the method of nonlinear least 
squares with the computer program miniquad 11 by a FACOM M-170F 
computer at the Kanazawa University Computation Center. The R 
factors were in the range 0.04-0.35%. 

Spectroscopic Measurements. Absorption spectra were measured for 
Cu(HHigand systems with the total Cu(II) concentrations of 0.1-5 mM 
at various pH values in the range 250-800 nm with a Union Giken 
SM-401 high-sensitivity recording spectrophotometer, and the CD 
spectra were measured in the range 300-800 nm with JASCO J-20 and 
J-500C spectropolarimeters. Infrared absorption and resonance Raman 
sptvira were recorded with a JASCO A-202 infrared spectrophotometer 
and a JASCO R-800 laser Raman spectrophotometer, respectively. 

Results 

Solution Equilibria. Typical titration curves for the proton- 
ligand and Cu(II)-ligand systems are shown in Figure 1 . The 
log Ah, values for the proton-ligand complexes calculated from 
the titration data are summarized in Table I. The reactions of 
Cu(ll) with the tyrosine-containing dipeptides except L-Tyr»L-/ 

(10) Yamauchi, O.; Seki, H.; Shoda, T. Bull Chem. Soc. Jan. 1983, 56, 
3258-3267, 

(11) Sabalini. A.; Vacca. A.; Cans, P. Taianta 1974, 2/, 53-77. 
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1. Typical titration curves for proton-ligand (2 mM) and 1:1 
Cu(II)-ligand (I mM) systems. Curves: 1. L-Tyr-L-Tyr; 2, L-Tyr-L-His; 
3. L-Tyr-D-Glu; 4, Cu(ll)-L-Tyr«L-Tyr; 5, Cu(II)-L-Tyr.L-His; 6, Cu- 
(II)-L-TyrD-Glu. a = moles of KOH added per mole of ligand. 

Table I. Stability Constants for Proton-Dipeptide Complexes at 25 

°C and /" 0.1 (KNO,)" ; 

stability constants 

dipcptidc log fe n logflon iQgftm h>8 flou 



L-Tyr<5ly 
L-Tyr-Gly* 
L-Tyr-L-Ala i; 

• L-Tyr-D-Ala ■ 
L-TypL-Arg 
L-Tyr«r>Arg 
L-Tyr-L-Glu - 
L-Tyr-D-GIu 
L-Tyr-L-His 
L-TyfD-HiS' 
L-Tyr-t-Tyr 
L-f yr-b-Tyr , 
L-TypL-trpr> 

^ t-TypbfTrp ; 
L-TypL-Phe ' 
Gly«L-Tyr y 
. 5 .G!y:L-Tyr* 
L-Phe-L;Tyr^. 

' L-Ala-if-Arg' 



9.967 (2) 
9.926 (2) 
9.975 (1) 
9.790 (3) 
9.820 (1) 
9.818 (3) 
10.093 (1) 
10.167 (1) 
10.001 (2) 
9.838 (1) 
10.424 (2) 
10.538 (2). 
,#910(4); 
10.046 (3) 
10:154(2) 
ia037 (3) 
10.133(3) 
9:961 (I) 
7.946(1) 



17.587 (3) 
17.613 (3) 
17.48! (2) 
17.447 (5) i 
17.059 (3) 
17.442 (5) 
17.778 (1) 
18.020 (2) 
17.632 (3) 
17.603 (5) 
20.120(1) 
20.269(1); 

17.277 (sy-: 

17 960 (5) < 
•17.526 (5) 
: 18;i57(4) 1 
.18.335 (3)^ 
17.155 (1)^ 
10.939 (2) f 



20.736 
20.767 
20.859 
20.501 
20.146 
20.256 
22.255 
22.665 
24.277 
24.245 
27.432 
28.012 
20.787 
211237 
201661; 
21.138 
21390 
20.412 



(5) 
(4) 
(3) 
(8) 
(4) 
(9) 

(1) 25.421 (2) 

(3) 25.517(4) 

(3) 26.957(5) 

(6) 26.59(1) 
(3) 30.665 (4) 
(3) '30.942 (4) 

(?) ; : -\ 

(9) v ^ • 

(7) ~ 



9 Values in parentheses denote estimated f standard deviations. 
* Taken from ref 8. ' \ . 

D-His proceed in the same way as with tyrosylglycine, 8 and for- 
mation of a dimeric species, which wa$ detected in the pH range 
8-10.5 and determined to be Cu 2 L 2 HJ 2 for L-Tyr-Gly and l- 
Tyr»L-/r>Leu ( was confirmed for various dipeptides with the 
N-terminal tyrosyl residue irrespective of the C- terminal side chain 
except L-Tyr'L-/r>His (Table II). The species distribution 
calculated from the stability constants as a function of pH are 
depicted for 5 mM solutions of the 1:1 Cu(II)-L-Tyr*-/D-Trp 
systems in Figure 2, which shows that the complex with the 
coordination mode 1 is the predominant species at pH 5-8 and 
that the further deprotonated monomelic and dimeric complexes 
coexist in the alkaline region with the distribution maxima oc- 
curring at the same pH (~9.5). The dimer is present in a greater 



h 2 ot ^cp-<^ 



(3) 




:uLH_, 



Culm., 



Figure 2. Species distributions in 1:1 Cu(H)-L-Tyr-L-Trp (a) and 1:1 
Cu(II)-L-Tyr-D-Trp (b) as a function of pH. Calculated from the sta- 
bility constants listed in Tables 1 and II. Concentrations: Cu(II), 5 mM; 
L-Tyr«L-/r>Trp, 5 mM- !'\ - . ... ; 

amount in the systems with the active (l-l) peptides than with 
the meso (l-d) peptides, reflecting higher stability constants (log 
022-2 an d log 022o) f° r tne active complexes (Table III). On the 
other hand, no dimer was detected by the equilibrium study at T 
pH <10 in the systems with L-Tyr-L-/r>His which form complexes 
similar to the Cu(II)-glycylhistidinate complex. 12 r 

Table II reveals that there is another stereoselectivity in the 
Cu(II)-dipeptide . complex formation; for the, diastereomeric . 
Cu(II)-dipeptide systems, those with the active peptides have 
greater stability ^cofctante;^ complexes 1 (Ic^ ^no for Tyr-Ala, . 
Tyr-Arg, TynTrppm^ 

coincides with the bbservations with the other, Cu(II)^dipeptide 

systems. 1 * ,Jhis is mainly jduc;tp facile deprotonation of .the, peptide , 
NH groupiin the active pept 

constants pK± (=='-lpg \ eq 3 ), given by the differences log fixyt 
"~ log ft n for f yrrTyr and log % jy- log fifa for^the^t; of the 
peptides, are smaller than those for the meso peptide complexes. 

Absorption and CD Spectra. The 1:1 Cu(H)-dipeptide systems 
have the d-d band centered at —630 nm at neutral pH where 
the deprotonated species i predominates (Table IV); The d-d 
peak at 586 rim exhibited by Cu(II)-L-TyrL-/r>His at pH 9.0 
indicates additional nitrogen coordination. As has been observed ; 
for L-Tyr*Gly and L-Tyr-L-/r>Leu,? the systems with the N-ter- 
minal tyrosine irrespective of the C-terminal residue exhibit ab- 
sorption and CD peaks at 380-400 nm at pH 8-1 1 ascribable to 
the charge transfer (CT) between Cu(II) and the phenolate group 
(Table V). the intensity being maximum at pH ~9,5 and coin- 
cident with the distribution of the dimeric species (Figure 2). The 
intensity is dependent on the concentrations of solutions, which 
supports that the band is due to the dimer (Figure 3). 

At pH <3 the 1 :1 Cu(II)-dipeptide systems have a single CD 
peak in the region 600-700 nm and, when dimers are formed at 
pH 8-1 K a negative peak at 380-400 nm with additi nal peaks 
in the region 400-600 nm. L-Tyr-Gly and the meso peptides show 



(12) Brookes, G.; Pettit, L. D. J. Chem. Soc. t Dalton Trans. 1975, 
2112-2117. 

(13) Pettit, L D.; Hefford. R. J. W. Met. ions Biol. Syst 1979, 9, 
173-212. 



662 / Am. Chem. Soc.. Vol 107 \ No. 3. 1985 



Yamauchi, Tsujide, and Odani 



TaMe IL Stability Conatants for Cu(U)-Dipeptide Complexes at 25 °C and f q 0.1 (KNQ 3 ) a 



stability constants, log 0^ for pgr 



dipeptide 


112 


111 


110 


11-1 


11-2 


11-3 


220 


22-1 


22-2 


-log 


log K D 


l- i yr *uiy 




tAQA i1\ 
1*9*0*9 \Jf 


1 I.JO J \£) 


2.43 {I) 










7.34 (4; 


1 AA 
3.40 


2.44 


L-iyrnJIJr 




M IB it\ 
13.10 ^ZJ 


1 1 iWj \i) 




-7 son 








7.20 tOJ 


1 77 

J.f f 


2.62 


m TV»**.a A la 

L- 1 yr»L-Aia 




1 3.u*f I 


1 1 Ol /9\ 
1 1.DXJ \A) 


2.0/ UJ 


-7 <t!7 








7.00 10 J 


1 A7 
J. 42 


2.32 


L-Tyr*D"Aia 




\A ?A /1\ 


1 1.21 1 \l) 


2.11 (1) 


-0.U44 JO) 








6.78 (6) 


1 AA 

3.49 


2.56 


L-Tyr«L-Arg 




14. Jo (OJ 


1 1 11< H\ 
I I.JJ3 \£) 


9 CO /9\ 

2.JO (2j 


_7 A1A /£\ 

—7. 434 [p ) 








7.30 (9) 


4 AC 

3.03 


2.14 


L-Tyr-D-Arg 




fit <^ t£\ 

14.92 (Oj 




1 OA /9\ 

1.94 (2) 


-©.01 U (7) 








6.71 (5) 


3.65 


2.83 


L-Tyr»L-Glu 




10.019 (1) 


1 1 /A\ 
1 1.024 \%J) 


2.293 (4) 


_7 fl 1 fi ti \ 
—7.015 \l) 






16.73 (1) 


7.991 (3; 


4.79 


3.48 


L-Tyr»o*Glu 




1 A All /7\ 
10.431 {7/ 


1 1.7IO 12; 


2.2» (0) 


-7.74 (I) 






16.6 (1) 


7 7 (I) 


4.72 


3.12 


L-Tyr^L-Tyr 




1 1 (MVf / 1 \ 

21. yu/ \i) 


1 J.I 1 J (o; 


1 9AC /<\ 

J.2U9 (9; 


7 tuts /<\ 
— 7.J0U (9) 




1Q Oil /1\ 

28.94 (J) 


19.37 (2) 




3.18 


2.72 


L-Tyr^D-Tyr 


25.37 (2) 


21.715 (1) 


12.898 (4) 


2.914 (3) 


-7.683 (2) 




27.83 (5) 


18.41 (2) 




3.65 


2.03 


L-TyM-Trp 




15.570 (9) 


11.724(1) 


2.793 (7) 


-7.319 (2) 


-19.44 (3) 






9.277 (8) 


3*85 


3*70 


L-Tyr»D-Trp 




15.505 (9) 


11.656(0) 


2.823 (5) 


-7.325 (1) 


-19.06(1) 






8.08 (4) 


3.85 


2.44 


L-TyM.-Phe 




15.18(1) 


11.984(1) 


3.118 (4) 


-7.495 (3) 


-19.30 (4) 






8.36 (3) 


3.20 


2.12 


L-Tyr*L-His 


22.56 (4) 


19.103 (7) 


15.141 (4) 


5.962 (5) 


-4.387 (5) 












L-Tyr-D-His 




18.374 (6) 


13.871 (2) 


4.801 (4) 


-5.218 (3) 














Oly-L-Tyr 




15.88 (3) 


11.865 (4) 


2.728 (9) 


-7.64(1) 






16.91 (7) 




4.02 




GlyL-Tyr* 




16.127 (8) 


12.096(1) 


3.029 (3) 


-7.70 (1) 










4.03 




L-Phe-L-Tyr 




14.93 (1) 


11.714(9) 


2.579 (1) 


-7.753 (2) 


-19.91 (4) 




16.57(1) 




3.22 




L-Ala*L-Arg* 






4.88 (6) 


1.687 (2) 


-7.584 (5) 










3.19 





"Values in parentheses denote estimated standard deviations. * Taken from rcf 8. * log 0 u -3 = -3.43 (3). 



TaMe 111. Calculated Distributions of Deprotonated Monomeric and 
Dimeric Complexes in 1:1 Cu(H)-Pipeptidc Systems' 

distribution, % 



monomer 



dimer 



dipeptide pH 5 mM 2 mM 5 mM 2 mM 



L-Tyr«L-Arg 


6.5 


1 


1 


0 


0 




9.5 


47 


56 


30 


17 




11.0 


9 


9 


1 


0 


L-Tyr<r>Arg 


6.5 


0 


0 


0 


0 




9.5 


28 


38 


54 


39 




11.0 


8 


8 


. • ,4 - 


2 


L-Tyr«L-Tyr 


6.0 


0 


0 


0 


0 




9.0 


27 


36 


37 


26 




10.3 


10 


14 


6 


4 ~. * 




11.5 


0 


0 


0 


0 


L-Tyr-D-Tyr 


6.0 


0 


0 


0 


0 




9.0 


42 


49 


19 


10 




10.1 


23 


28 


7 


4 




11.5 


0 


0 


: : 0 


0 


r;f. ;^Tyr-L-Trp - 


6.6 


0 


o ; 








9.5 


* 13 




>8K'^ 






11.0 


; 8 


- .. 9;-, ■ 




m16;-:-' ; - 


^■'i^Tryrb^Trpi.-. 


6.6 


: , i . 


0 ' 


ir.b',:.V 




9.5 


. 40 


50 


,,.43... 


28. 




11.0 


?10 








:vl.\ : L-fyr/LrPhe''' 


6.5 


• ■ -?-o. . 






6 <.:-;■ 




9.5 


51 


6i 


' vr':34, : ^-v* 


20 




10.9 


28 


30 


10 





"The distributions were calculated from the stability constants listed 
,in Table II and refer to the percentages based on total Cu(II). 



Table IV. Visible Absorption Spectral Data for I: 
Cu(H>-Dipcptide Systems at Neutral pH 



dipeptide 


pH 




c, M" 1 cm" 1 


L-Tyr<Oly 


7.4 


632 


85 


L-Tyr«L-AIa 


7.1 


630 


96 


L-Tyr»L-Arg 


7.5 


628 


98 


L-Tyr*r>Glu 


6.4 


624 


84 


L-Tyr«L-His 


9.0 


586 


64 


L-Tyr-L-Tyr 


6.1 


628 


89 


L-Tyr«DTrp 


6.2 


619 


84 


L-Tyr-LrTrp 


6.5 


626 


91 


L-Tyr-D-Trp 


6.5 


624 


106 


L-Tyr»L-Phe 


6.5 


638 


55 


Gly-L-Tyr 


7.0 


635 


82 


LrPhe-L-Tyr 


7.0 


633 


89 


Oly.L-Hifl 


9.0 


601 


60 



a positive peak at 660-680 nm at pH 6-1 1, while the active 
peptides with a C-terminal aromatic amino acid suffer a drastic 
spectral change with pH in the region 600-700 nm from the 



500 



250 




Cone., mM 

Figure 3. Concentration dependence of the 380-nm CT band intensity 
exhibited by 1:1 Cu(II)-dipeptide systems. Dipeptides: O, L-Tyr-L-Ala; 
D, L-Tyr-D-Arg; L-Tyr-L-Tyr. y , \. 

^ / negative peak at pH <8 to the positive peak at pH 8-1-1: strictly; 
. y. concurrent , with the dimer formation. In accordance with the 
;. ! ^ earlier observation about Gly-L-Tyr, 8 L-Phe-L-Tyr gives no CI 
, band at — 380. nm; at higher concentrations (> 10 mM), however, . 
: ; . Gly-L-Tyr was found to show the CT band as a weak shoulder. . 
, Although the equilibrium study failed to give the stability constants 
: Tor the dimeric species in the Cu(II)-L-Tyr*L-/r>His systems, a 
definite CT peak was observed at pH >10 for Cu(II)-L : TyM>-His 
at 392: nm (c 515) in the absorption and at 391 nm (Ac -0.55) 
in the CD spectrum, indicating that the phenolate-bridged dimer 
is formed at higher pH than that for the other peptides. 

Discussion 

Effects of Peptides Side Chain on Deprotonadon from Com- 
plexes. Tyrosine-containing peptide complexes can liberate protons 
from the peptide NH and phenol OH groups and the coordinated 
water. The pi^ values listed in Table II show that deprotonation 
from the peptide NH group is affected by the side groups. While 
the C-terminal aromatic ring apparently has no effect on pK^ the 
N-terminal one lowers it as compared with the values for gly- 
cylglycine (4. 10) 14 and Gly*L-Tyr. The charged groups on the 
C-terminal side cLain, i.e., the guanidino group of L-Tyr*L-Arg 
and L-Ala*L-Arg and the carboxylato group of L-Tyr*L-/r>Glu, 
have a marked effect due t the charge of the resulting complex 
as a whole. Comparison of the log fi uo values f r L-Tyr«Gly, 
Gly«L-Tyr, L-Tyr-L-Ala, L-Tyr-L-Arg, L-Tyr»L-Trp, and L-Tyr-L-Phe 



(14) (a) Smith, R. M.; Martell, A. E. "Critical Stability Constants"; 
Plenum Press: New York, 1974; Vol. 1. (b) Yamauchi, O.; Miyata, H ; 
Nakahara, A. Bull Chem. Soc. Jpn. 1971, 44, 2716-2721. 
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Cu(fy Complexes of Tyrostne-Containing Dipeptides 

Table V. Absorption and CD Spectral Date for 1:1 Cu(H)-Pipeptide Systems at pH 9-10 8 



dipeptide 



L-TypGly b 

L-Tyr«L-Ala c 

L-Tyr«o-Ala e 

L-Tyr-L-Argf 

L-Tyr-D-Argf 

L-Typo-GIu 

L-Tyr-D-His 

L-Tyr-L-Tyr 

L-Tyr*D-Tyr 

L-Tyr-L-Trp 

L-Tyr-D-Trp 

L-Tyr»L-Phe 

Gly-L-Tyr 

L-Phe»L-Tyr 



PH 


cone, niM 


absorption X^, nm 
(c, M" 1 cm" 1 ) 


0 s 

V.J 


2.0 


379 (385) 


636 (107) 


9 ft 


2.0 


376 (494) 


626 (122) 


0 4 


2.0 


377 (270) 


628 (100) 


7.1 


1.7 


376 (372) 


631 (102) 


Q 1 

7*1 


2.0 


377 (258) 


625 (104) 


O A 




378 (479) 


623 (118) 


10.5 


1.0 


392 (515) 


599 (120) 


9.5 


2.0 


384 (500) 


632 (129) 


9.5 


2.0 


384 (425) 


620 (108) 


9.5 


2.0 


382 (716) 


628 (150) 


9.5 


2.0 


382 (579) 


610(114) 


9.4 


2.0 


380 (506) 


630(119) 


10.0 


2.0 




634 (81) 


10.0 


2.0 




631 (89) 



CD JW. nm (At, M* 1 cm" 1 ) 



395 (-0.17) 
393 (-0.31) 
400 (-0.17) 
398 (-0.13) 
392 (-0.13) 
402 (-0.16) 

391 (-0.55) 
388 (-0.49) 
395 (-0.61) 
383 (-0.78) 
395 (-0.37) 

392 (-0.27) 



548 (-0.08) 
510 (-0.21) 
493 (+0.10) 
508 (-0.24) 
498 (+0.12) 
500 (+0.12) 
534 (-0.26) 
503 (-0.23) 
490 (+0.10) 
508 (-0.32) 
505 (+0.15) 
508 (-0.24) 
520 (-0.21) 
520 (-0.22) 



680 (+0.32) 
618 (+0.06) 
565 (-O.05) 
580 (-0.10) 
550 (+0.07) 
555 (+0.04) 
635 (+0.72) 
574 (-0.29) 
657 (+1.00) 
568 (-0.34) 
655 (+0.91) 
690 (+0.04) 
663 (-0.84) 
660 (-0.75) 



670 (+0.64) 

685 (-0.37) 
662 (+0.82) 
668 (+0.86) 

686 (+0.28) 
678 (+0.78) 



var 
0.1 
0.1 
0.1 
0.1 
0.1 
var 
var 
var 
var 
var 
var 
var 
var 



•The data for L-Tyr-D-His were taken at pH 10.5 because of the dimer formation at high pH. 
Gly) J.10.5H,O dissolved in water (pH 9.8), the («) values are the following: 382 (630). 639 ( 1 38). 
solutions. 'Thf ionic strength varied from 0 M to 0.5 M (NaC10 4 ) has negligible effects on the spectra 
decrease (0.04) of the 686-nm CD peak for the latter. 

indicates that the stability difference of the deprotonated complexes 
1 due to the C-terminal side group is rather small (<0.65), so that 
it is difficult to assess the direct influence of the side groups on 
the complex stability. As previously discussed, 8 the second de- 
protonatioh can occur from the phenol OH group or the coor- 
dinated water molecule and is probably the mixture of the two 
steps, since dissociation of the phenol should be necessary for the 
dimer formation, although the macroscopic dissociation constants 
given by log 0 no - log ft w m closer 10 valucs (9.3-°.4) l4M5 
for dissociation of the coordinated water. The microscopic pX, 
values for Tyr-Gly have been calculated to be 8.42 and 9.90 for 
species H 2 L and HL, respectively, as the phenol deprotonation 
step. 1 ? 

Formation of PbenoUte-Bridged Dimers. In aqueous solution 

the phenol moiety of tyrosine is not involved in the bonding with 

Cu(I0 under normal conditions. 17 From the solution equilibrium 

study, the dimers have been found to be farmed by the dipeptides 

with N-terminal tyrosine employed in the present study at pH 

8-11 with the exception of Tyr-His. The appearance of the 

380-nrvt absorption peak which accxmipanies the dimer formation 

indicates that: the phenolate-Cu(Il) bond serves as a bridge 

connecting the two Cu(II) ^ complex units, because the peak at 

380H4OO nm has been known to be charactem^ pheno- 
; late4Cu(II) bonding in several tyrcsihe^ontaining copper(II) 

complexes. 818 " 22 CKi^'wdenw 
;' bonding is given by the resonance Raman spectra of the mo- , 

nomeric/ and dimeric complexes of ^L-Tyr-Gry, [Cu(L-Tyr- 
V Gly)]-0.5H 2 O, and Na 2 [Cu 2 (L-tyr<ily) 2 ].7,5H 2 0, which were 

isolated as crystals (Figure 4). The spectra of the dimeric complex 

in the region 300-1700 cm" 1 measured upon excitation into the 

380-nm absorption envelope with 457.9-, 476.5-, and 5 14.5-nm 

Ar + lasers exhibit resonance^nhanced bands at 11 70, 1264, 1501, 

and 1603 cm' 1 . The spectral feature is very similar to that ob- 
served for the Cu(H)-o-tyrosine JI and Cu(II)-transferrih 13 ' 24 

complexes, and all the bands are due to the phenolate moiety: the 



'For the isolated 
'The CD spectra 
for L-Tyr-Gly and 



crystals Na 2 [Cu 2 (L-Tyr- 
were measured for 5 mM 
L-Tyr«L-Tyr except for a 



i 




(15) Brookes, O.; Fettit, L. D. J. Chem. Soc. t Daiton Tram. 1975, 
2106-2112. 

(16) Uhimittu, T.; Sakurai, H. Int. J. Pharm. 1981, /2, 271-274. 

(17) Martin, R. B. Met. Ions Biol. Syst. 1979, 9, 1-39. 

(18) Boggess, R. K.; Martin, R, B. /. Am. Chem. Soe. 1975, 97. 
3076-3081. 

(19) Fazakeriey. G. V.; Under, P. W.; Torrington, R. G.; Wright, M. R. 
W. /. Chem. Soc., Daiton Trans. 1979, 1872-1880. 

(20) Pastor, J.-M.; Gamier, A.; Tosi, L. fttorg. Chim. Acta 1979, 37, 
L549-L550. 

(21) Garnier-Suilterot, A.; Albertini, J.-P.; Collet, A.; Faury. L.; Pastor, 
J.-M.; Tosi, L. Chem. Soc., Daiton Trans. 1981, 2544-2549. 

(22) Kozlowski, H.; Beier, M.; Pettit, L. D.; Bataille, M.; Hecquet, B. J. 
inorg. Btochem. 19*3, 18, 231-240. _ 

(23) Gaber, B. P.; MiskowskJ. V.; Spiro, T. G. /. Am. Chem. Soc. 1974, 
96 6868-6873 

(24) Tominiatsu, Y.; Kint, S.; Scherer, J. R. Biochemistry 1976, /J, 
4918-4924. 



1200^ iodoV 

Figure 4; Resonance Ranian spectra of Na 2 ICui(L-TyiiGly)2]-7;5H2d 
(a) and [Cu(L-TyrGly)]0.5H 2 0 (b). Conditions: KBr disk method; 
457.9-nm Ar* laser excitaUon; slit width, 5.0 X 10^ cm. 

bands at 1501 and 1603 cm* 1 are assigned to the C-C stretching 
modes of the ring, the band at 1264 cm" 1 to the C-^> stretching, 
and that at 1 170 cm: 1 to the OH deformation."- 24 The spectra 
for the monomelic complex, on the other hand, exhibit no reso- 
nance-enhanced bands in the same region, which is in accordance 
with the lack of the 380-nm absorption peak. These results, 
together with the electronic spectra and the elemental analyses 
of the two complexes, establish that the dimer is formed through 
the phenolate-Cu(II) bridges and that the 380-nm band is due 
to the CT transition involving Cu(U) and the phenolate oxygen. 

In contrart with the CD spectra, the absorption spectra in the 
d-d region are little affected by the dimer formation except for 
the increase in intensity; a 5 mM soluti n of 1:1 Cu(H)-L- 
Tyr-L-Tyr has the X^, (c) values f 628 (89) and 632 (129) at 
pH 6.1 and 9.5, respectively, and a 2 mM solution of 1:1 Cu- 
(H)-L-Tyr«L-Trp 626 (91) and 629 (150) at pH 6.5 and 9.5, 
respectively. The calculated percentage distributi ns (Table HI) 
clearly indicate the dimer formation by the peptides with a C- 
terminal aromatic ring is favored for the active peptides especially 
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with tryptophan, which corresponds well with the CT band in- 
tensity at ~380 nm (Table V). In view f the stability order and 
conformational change to be discussed bel w t aromatic ring 
stacking at the C-terminus in the dimeric structure may be re- 
sponsible for this trend. 

On the basis f molecular models, Hefford and Pettit proposed 
an extended structure 2 for the dimer, where stacking between 
the two bridging phcnolate rings was considered to serve as a 
stabilizing factor.' On the other hand, it is also possible to 



Table VI. CD Magnitude Additivity in the Region 600-700 nm in 
1:1 Cu(H)-Dipcptide Systems' 




construct a folded structure 3, which may be stabilized by the 
stacking between the two parallel phenolate rings and more im- 
portantly by additional stacking between closely situated aromatic 
rings when R is aromatic. The equilibrium between the mo- 
nomeric and dimeric species is expressed by 



2CuLH 0(or _,j « — - Cu 2 L 2 H 0 ( Or _ 2 ) 



(4) 



where log K D is given by log fa^ _. 2) - 2 log ff u<HjBr (Table II). 
For Tyr-Tyr and Tyr-Trp diastereomers, the active peptides have 
higher log £ D values than those for the meso peptides. This can 
be accommodated by structure 3, where the C- terminal indole 
and phenol groups may stabilize the active (but not the meso) s 
complexes by stacking interactions. The order of log K D values 
for. the peptides with aliphatic or charged groups, on the other 
hand, is not straightforward; because of steric hindrance and/or 
electrostatic repulsion the active complexes might prefer structure 
2, while the meso complexes might still prefer 3 where the side 
groups are directed toward the outside of the domain produced 
i ; by the folded dimeric core. As described in the Results section, 
^ taly-L-tyr appears to form the dimer at hijgh '^ncentritiqns, but C 
distribution is very limited probably' teciuse of the hijgh pfC^J 
^''wriues'' forth* phenol OH groups (log - log # n : 2 ) in the 
\. , complex and the steric crowdedness both in the extended and the 
i/oWed structure , with the two Cu(II) centers too close to each other. 
■ -jCD Magntiude Anomaly Caused by Dimer Formation and Its 
Structural !n^^ The CD spectra of the active complexes 
. in the region 500-800 nm undergo a remarkable magnitude change 
and sign inversion accompanying the dimer formation at pH >8. 
. That the spectra! changes result from the. dimer formation is 
evidenced by the effects of concentration and ammonia on the 
absorption and CD spectra of 1:1 Cu(H)-l-Y yr»L-T yr at pH 9.5 
(Figure 5); the CT band disappears with a concomitant shift of 
the d-d peak from 634 to 612 nm due to the 4N chromophore, 
and the CD spectrum resumes its pattern observed at pH <8 and 
>11. 

For copper(H) and nickel(II) complexes of simple di- and 
tripeptides, the CD mangitudes in the d-d region have been found 
to be an additive function of the values for the complexes of the 
component amino acid residues. 3 * 35 Thus, the estimated mag- 
nitude A* rataj for the 1:1 copper(II) complex of a peptide X-Y is 
given by 

Ae«|ed ° Afcfx-ciy) + A«Ctt(GlyY) (5) 

where Acc^x-ow and ^ca^y) denote the magnitudes exhibited 
by the 1 : 1 complexes f X-Gly and GlyY, respectively. The 
values at 600-700 nm are shown in Table VI together with the 

(25) Martin, R. B. Mm. Ions. Biol Syst. 1974, /, 129-156. 



dipeptidc* 


PH 


X|ug£ t nm 


Ae 




A* 


sign 
inversion 


L-Tyr-L-Ala 


6.4 


680 


-0.30 


-0.19 


0.1 1 


no 




9.8 


618 


+0.06 


+0.01 


0.05 


no 




11.2 


595 


+0.10 


+0.09 


0.0) 


no 


L-iyr»D-AIa 


6.2 


652 


+0.60 


+0.51 


0.09 


no 




9.4 






+0.64 


n on 


no 




1 14 


675 


+0.59 


+o!52 


0.07 


no 


L-Tyr«L-Arg 


5.6 


655 


-0.50 


-0.25 


0.25 


no 




9.1 


680 


-0.31 


-0.22 


0.09 


no 




11.3 


DOv 




-O 14 


nil 

U.I 1 


no 


L-Tyr-D-Arg 


5.6 


645 


+0.69 


+0.59 


0.10 


no 




9.0 


662 


+0.82 


+0.71 


0.11 


no 




11.2 


658 


+0.74 


+0.66 


0.08 


no 


L-Tyr-L-Tyr 


6.1 


647 


-0.66 


-0.52 


0.13 


no 




9.0 


683 


+0.39 


-0.38 


0.77 


yes 




10.3 


683 


+0.35 


-0.42 


0.77 


yes 




1 1.5 


VI 0 


— 


_n ah 


AM 

U.Iz 


no 


L-Tyr*D-Tyr 


6.3 


635 


+0.90 


+0.83 


0.07 


no 




9.0 


662 


+0.79 


+0.87 


0.08 


no 




in i 


003 


xn fl< 


XA SO 


0.03 


no 




11.5 


668 


+0.94 


+0.86 


0.08 


no 


L-Tyr-L-Trp* 


6.6 


636 


-0.36 


-0.40 


0.04 


no 






OfO 


tU, to 


■HI.40 


1 1 o 
1.15 


yes 




11.0 


680 
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iiiagmiuviw wci« uusvi vcvi iui l- i yr*L- / tr-/\rg ana L-iyr* 
L-/D-Tyr in 50% aqueous cthanol (or methanol). * Measured at / « 0.1 
(NaC10 4 ) , ; at room temperature for 5 mM: aqueous:- solutions. 
7 Measured at7 =* ;yar for 2 mM, aqueous solutions . ^C^lcula^ ac- „■'* 
cording to 4; fhe valwesjfor the meso .peptide complexes Vere-estK 
mated by aswmingthat i:l;Cu(II)^Gly-D-X has a magnitude eqiial toK 
that of l;l"Gu(H)rGlyii::X : with the sign in versed. /A = |^ -/A^pr' 

' duTerences jA* ^ ;A<y^ which serve as W criterion iof tte n^ r ' 
^additivity^ While' the additivity in the' drd region holds for the/^ 
complexes of the peptides with a C-terminal aliphaUc amino acid 
-or a r>aromatic aniiiw add over a wide range of pH, a surprisingly 
large deviation liroin A^ with sign inversion occurs at pH 8—11 
with the peak at 600-700 nm for the active complexes comprising 
a C-terminai L-aroma tic amino acid, i.e., L-Tyr-L-Tyr, L-Tyr-L-Trp, 
and L-TypL-Phe. The magnitude anomaly which is diastereos- 
peciflc is ascribed to the dimers, because it disappears at low 
concentrations (<0.2 mM), at pH <8 and >1 i, or in the presence 
of ammonia. The systems with L-Phe-L-Tyr gives normal At values 
at pH 8-1 1, indicating that negligible anomaly arises from two 
aromatic rings situated on the same side of the copper(II) co- 
ordination plane unless the dimer is formed. 

The CD spectra in the d-d region observed for the Cu(II)- 
dipeptide complexes reflect the peptide side-chain conformations. 
Anomalous CD magnitudes have been reported for the ternary 
Cu(II)-amino acid systems involving an aromatic amino acid such 
as phenylalanine 17 * 26 and for those involving an acidic and a basic 
amino acid whose oppositely charged side chains interact with each 
other electrostatically and thus become fixed around copper(II). 27 - 28 



(26) Tsangaris, J. M.; Martin, R. B. J. Am. Ch*m. Soc. 1970, 92, 
4255-4260. 

(27) Sakurai, T.; Yamauchi, O.; Nakahara, A. Bull. Chem. Soc. Jpn. 
1*76. 49 t 169-173. 



Cu(II) Complexes of Tyrosine-Containing Dipeptides 
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Figure 3, Absorption (a) and CD (b) spectra of 1:1 Cu(IIH-Tyr»L-Tyr 
systems under various conditions. Curves: — , 0.2 mM; - - -, 2 mM; — t 
2 mM in the presence of 4 mM NH 3 . pH 9.5. 

Regarding peptide complexes, the magnitude enhancement ex- 
hibited by Cu(II)- and Ni(II)-tetra- and pentapeptide complexes 
has been interpreted as due to intramolecular hydrogen bonding. 29 
The present CD magnitude anomaly can be attributed to the 
conformational change of the C-terminal aromatic amino acid, 
because this is more influential on the spectral pattern 25 * 30 and 
its aromatic side chain prefers to be located above the metal 
coordination plane as in the Pd(II)-phenylalanylphenylaIaninate 
complex in solution. 31 The latter point is further documented 
by the X-ray analyses of the copper(II) complexes of tyrosine, 32 
glycyl-L-leucyl-L-tyrosine, 33 and glycyl-L-tryptophan 34 and the 
palladium(II) complex of tyrosine, 35 all of which have been dis- 
closed to have the aromatic side group tilted toward the metal 
ions with the metal ion-aromatic ring separations (3.04-3.34 A 
ToKthe ; cppper(II) complexes) smaller than the van der Waals 
^crafi^ Without -bonding' through tie phenol OH or indole NH 
group. We may then reasonably assume that the active monomelic 
complexes' have a similar side-chain conformation 4/ which is 




distorted upon dimer formation by the bridging phenolate rings 
to make the side group lose access to the copper(II) coordination 



(28) Yamauchi. O. J. Mol. Catat. 1984, 23, 255-261. 

(29) Czarnecki, J. J.; Margerum, D. W. Inorg. Chem. 1977, 16, 
1997-2003. 

(30) Freeman, H. C; Healy. M. J.; Scudder, M. L. J. Biol. Chem. 1977, 
232, 8840-8847. 

(31) Vestutt, P. I.; Martin, R. B. J. Am. Chem. Soc. 1980, 102, 
7906-7909. 

(32) Hcim, D. v. d.; Tatsch, C. E. Acta Crystallogr., Sect. B 1972, B28, 
2307-2312. 

(33) Franks, W. A.; Helm, D. v. d. Acta Crystallogr., Sect. B 1970, B27, 
1299-1310. 

(34) Hurstbouse, M. B.; iayaweera, S. A. A.; Milburn, H.; Quick, A. J. 
Chem. Soc., Dalton Tram. 1975. 2569-2572. 

(35) Sabat, M.; Jezowska, M.; Koztowaki. H. Inorg. Chtm. Acta 1979, 37, 
L5I1-L5I2. 
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plane when the dimer has structure 3. No conformational change 
should occur with the meso complexes because of the side chain 
directed outward, thus giving an explanation for the diastereos- 
pecificity of the magnitude anomaly. The aromatic ring stacking 
suggested by the stability constants for the active peptides with 
structure 3 makes the side-chain conformation more rigid, which 
is also compatible with the magnitude anomaly. It should be 
mentioned in this connection that ar matic ring stacking has a 
much greater stabilizing effect on the complex than the Cu- 
(U)-aromatic ring interaction. 36 * 37 

Earlier observations of the CD magnitudes for the Cu(II)- 
aromatic amino acid complexes, 17,21,2 * rotamer populations in 
Ni(II)- 38 and Pd(II)-peptide complexes 31 - 3 * 42 as calculated from 
NMR spectra, and ESR spectral parameters of tyrosine-containing 
ternary copper(II) complexes 43 have been taken to imply the metal 
ion-aromatic ring attractive interactions in solution, but more 
convincing information concerning copper(II) complexes has been 
lacking. The magnitude anomaly observed for the present systems 
in turn strongly supports the preferred orientation of the side-chain 
aromatic ring above the coordination plane of monomeric com- 
plexes of peptides, because the actual magnitudes used in eq 5 
refer to the tilted or normal conformations in monomeric com- 
plexes, which will not be preserved in structure 3 owing to steric 
hindrance. 

Conclusion. The side chains of L-Tyr-containing dipeptides have 
rather small influences on the solution equilibria and the spectra 
of the copper(KI) complexes in acid-neutral solution, where the 
side-chain orientations are free from steric hindrance. The res- 
onance Raman spectra of the isolated monomeric and dimeric 
complexes confirm both the existence of the phenolate-Cu(U) 
bond and the assignment of the 380-nm absorption peak to the 
CT transition involving this bond. The information therefrom 
supports well the interpretation of the structures and side-chain 
conformations of the complexes in solution. Thus, the remarkable 
CD spectral anomaly observed with formation of the dimeric 
complexes is reasonably taken -to indicate the close contact between 
Cu(II) and the aromatic ring in the absence of steric hindrance 
and further support the hitherto proposed cases of Cu(II)-aromatic 
ring interactions in similar complexes. 1 7(21 • 2M3 

The roles of copper(II) in brain may be seen from the fact that 
copper deficiency in humans is symptomized by tremors or seizures 
and that an epileptic patients* brain has markedly decreased copper 
wncentratibiw.^ 

(methionto showed ; that it is slightly more 

latent than thejentephalin iuelf;^ 1 The present investigation 
shows, that the endogenous analgesic dipepttde kyotbrphin and 
bther ityrosine-contoininjg dipeptides readily - form cop 
'*'cdmpiraes l vwHer« , .the phenol group can be involved in the cop- 
per^ I) binding and the side-chain aromatic group is probably 
located close to the coordination plane. As a result of copper(II) 
complex formation,- the analgesic activity of opioid peptides could 
be modulated by the binding modes and the side-chain confor- 
mations in the complexes. 
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Kinetics of the Reactions of 

(Ethoxycarbonyl)methylcobalt Tetracarbonyl with 13 CO, 
Ph 3 P, HCo(CO) 4 , and H 2 . A Comparison of the Reactivities 
of RCo(CO) 4 (R = CH 2 COOEt, COOEt, and H) Complexes 
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Abstract: The kinetics of the reactions of (ethoxycarbonyl)methylcobalt tetracarbonyl (1) with "CO, Ph 3 P, HCo(CO) 4 , and 
H 2 are consistent with initial reversible dissociation of EtOOCCHjCo(CO)4 (l) to EtOOCCH 2 Co(CO) 3 and CO. The alkylcobalt 
tricarbonyl then reacts competitively with the other reaction partner. The relative reactivities of 2 toward Ph 3 P, CO, HCo(CO) 4t 
and H 2 are 1.82, 1.0, 0.078, and 0.0006 at 25 °C in n-heptane. The rate of "CO substitution has also been measured for 
HCo(CO) 4 , Co2(CO) B , and (ethoxycarbonyl)eobalt tetracarbonyl (2). The half-life for HCo(CO) 4 at -30 °C is 45 s, r I/2 for 
EtOOCCH 2 Co(CO) 4 at 15 °C is 18.8 min, and f, /2 for EtOOCCo(CO) 4 (2) at 15 °C is 24.2 min. The complex 2 shows a 
slow "CO incorporation into the acyl carbonyl group, t\n « 50 h at 28 °C, presumably through an ethoxycobalt tetracarbonyl 
intermediate. The rate of l3 CO exchange with CO](CO) 8 is not influenced by the presence of HCo(CO) 4 at 0 °C in it-octane, 
indicating that exchange of cobalt centers between HCo(CO) 4 and Co 2 (CO) 8 is slow compared to carbonyl exchange. 



Recent work has shown that bimolecular reductive elimination 
between a transition-metal alkyl or acyl and a transition-metal 
hydride can proceed through several different mechanisms. 1 These 
reactions are central to a number of catalytic cycles, particularly 
hydrogenation and hydroformylation. Although cobalt-catalyzed 
hydroformylation has been widely studied, there are few reports 
of the kinetics of isolated steps in this reaction. 2 In a preceding 
publication, two of us reported a kinetic study of the reactions 
of an acylcobalt tetracarbonyl, namely ethoxycarbonylcobalt 
tetracarbonyl with Ph 3 P^HC^(CO) 4 ^and]H^ 
; No similar, studies have been reported for alkylcobalt tetra- 
carbonyls because they are difficult to obtain in pure form, owing 
to limited stability in most cases. 4 Galamb and Pfilyi reported 
recently 5 the isolation of a - series^ f of: 'cobalt alky Is 
ROOC€H 2 C^CO) 4 from the reaction of "NaC6(Cd) 4 and 
ROOCCH 2 X. Using this possibility, we now report details of our 
investigations on a cobalt alkyl analogous to those reported earlier 
for the cobalt acyl. 

In this study, as in the proposed mechanism for hydro- 
formylation, coordtnatively unsaturated species play a prominent 
role. While there is evidence for the existence of HCo(CO) 3 , 6 
there is no information regarding the rate of formation of this 
compound or analogous alkyl and acylcobalt tricarbonyis. We 
also report measurements of the rates of "CO exchange for each 
of these species. These data provide support for our proposed 
mechanism and furnish fundamental information relevant to the 
hydroformylation reaction. 

Results 

Reaction of EtOOCCH 2 C6(CO) 4 (I) with "CO. The "CO 
exchange reacti n (eq 1) could be f 11 wed by measuring the 

EtOOCCH 2 Co(CO) 4 + "CO - 

EtOOCCH 2 Co(CO)3("CO) + CO (1) 

T University of Miami. '' 
'University of Chemical Engineering. 
■ University of Georgia. 



Table I. Half-Life Times of CO Exchange with "CO (i, A) 'for' 
RCo(CO) 4 Complexes in /i-Heptane Solution and the Calculated 
First-Qrdg?R£tg Constants {k\ = (In 2)/»' l/2 ) ' " : 

R temp, °C t l/2 , min , 10 5 X s" 1 



(OC) 4 Co 



EtOOCCHj 



0 
0 
0 

■: 0 
-30 

- 5 / 
;~28 

; 15 



27.4 
27.4 
. 38.5 

•>^4;3h 
18.8^ 
,,.70^ 
-3000 
24.2 



42V 
42*? 

; -3o* ; 

41*0 
540 - 
268 i 1 
:61;4 V 
,16,5 
0.4* 
47.3 ; 



' "Refers to thc ; overall rate of "CO irtcorporalion. 'Determined as: 
described in ref lfJ 6 . * In the presence of 5 mol % HCo(CO) 4 ;- f For the 
reaction of Co 3 { ,5 CO) 8 (86% isotope purity prepared in situ by previ- 
ously equilibrating Co^CO), with excess "CO with "CO in the pres- 
ence of 330 moi % HCo(CO) 4 . ''Reference 10b. 'Refers to the "CO 
exchange of the acyl carbonyl group. 

decrease of absorbance of the A, band of 1 at 21 11 .5 cm" 1 under 
1 atm pressure of carbon monoxide enriched to 86% in "CO. 
Reported half-lives and rate constants for all 13 CO reactions have 
been corrected for work under 100% isotopic enrichment using 
standard procedures. 7 
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